The study of data acquired over a circular trajectory has raised an increasing interest in the SAR community. Two main reasons summarize the interest in such geometry. First, subwavelength resolution can be achieved, as the targets in the spotted area are observed under a 360º aperture. Second, the use of the information from different azimuthal directions allows one to obtain information of the scene in the third dimension, making possible a 3D target reconstruction. In any case, both applications require certain target reflectivity homogeneity. This paper shows several processing results and analyzes the potentials and limitations of circular SAR to perform tomography of semi-transparent media. Special processing aspects, like the estimation of residual motion errors due to inaccuracies in the navigation data, are also addressed. Data acquired at L-band by DLR's E-SAR system are used to demonstrate the high resolution and tomographic imaging capabilities of circular SAR. The results include the tomogram of a Luneburg lens, as well as preliminary results over manmade targets and vegetation.
INTRODUCTION
SAR tomography has been a topic of research since several years. First results were obtained with airborne SAR using a set of parallel tracks illuminating the same area on one side of the track, i.e. using conventional stripmap acquisitions [7] . The satisfactory results of that experiment proved the potentials of SAR tomography, opening a new branch that has evolved into a mature subject nowadays. SAR tomography using circular paths has been investigated in the recent years. Despite the evident potential of circular SAR (CSAR), which can be inferred from computer-aided X-ray tomography (CT) [1] , not many experiments have been performed up to date [2, 3, 4] . Besides tomography, CSAR is also of interest due to the potential sub-wavelength resolution in the ground plane [1] and the possibility to investigate target scattering properties under different aspect angles.
This paper presents several CSAR results with data acquired at L-band by the Experimental SAR (E-SAR) system of DLR. The processing aspects are addressed, while the main focus is given to the obtained results. Besides high resolution images, the tomogram of a Luneburg lens deployed in the scene is shown, which yields the expected resolutions. Tomograms over man-made structures as well as preliminary results over vegetated areas are also shown.
TOMOGRAPHIC IMAGING WITH CIRCULAR SAR
The aperture of 360° gives CSAR the capability to detect hidden targets when its orientation is unknown [4] . Furthermore, the aspect angle diversity inherent to the circular trajectory allows for discrimination in height. These proprieties, together with the high resolution capability in ground range, motivate the study of SAR tomography under this particular acquisition.
Theoretical considerations
The viability of 3D reconstruction for CSAR is related to the high achievable resolutions. Assuming isotropic targets the resolutions are given by [1] 3.83 4 cos( )
where is the wavelength, B is the signal bandwidth, is the elevation angle , x, y represent the resolutions in the ground plane and h is the resolution in elevation. Eq. (1) shows that the x-y ground resolutions are no longer dependent on the transmitted signal bandwidth. Although it is not expressed in (1)- (2), both ground and height resolutions are highly affect by the targets persistence. This dependence is the main restriction to CSAR tomography. Studies have demonstrated that the low Figure 1 . Circular 3D reconstruction target persistence problem can be solved by using a small range of elevation angles in a helicoidal geometry [5] , similar as the parallel track acquisition [7] . In this paper, however, only one pass circular SAR results are analyzed. The basic principle of SAR disambiguation in height is depicted in Figure 1 . Targets whose height differ from a reference height and with the same range history for certain aspect angle 1 , can be separated for a different aspect angle 2 . Moreover, consider a point P in the center of the scene with height different from h ref . P will project into different grid points in the processed image for each aspect angle , forming a circular pattern whose diameter is given by [6] 2 tan
where H represents the difference between the reference and the real height and is the incidence angle. The circular patterns can be easily seen in Figure 2 . Indeed, this effect can be used to retrieve the topography of the observed scene, as suggested in [6] . Note that given the particularities of the experiment carried out with the E-SAR system, the elevation angle does not vary considerably inside the spotlighted area and therefore (3) still holds.
SAR processing
Due to the circular shape of the trajectory it is not efficient to use basic SAR processors that assume a rectilinear acquisition configuration, i.e. stripmap SAR. On the other hand there are algorithms to efficiently process data acquired with a circular geometry using FFT-based techniques, similar as done in CT. However such algorithms assume a perfect circular trajectory, condition that is not achievable with an airborne SAR system. Therefore, in order to perform 3-D volumetric reflectivity reconstruction with airborne circular SAR a direct time domain back-projection processor has been considered. Processors of this kind have the capability to deal with non-linear trajectories, at the expense of being too time consuming. To deal with the computational time, a parallelized approach of the algorithm was implemented.
Autofocus in the frequency domain
As tomographic reconstruction requires highly accurate focusing, residual motion errors, occurring due to inaccuracies in the navigation data, were estimated using an autofocus approach. Considering data processed from the central spotted area, range-dependent phase gradient autofocus (PGA) algorithms can be directly applied to estimate phase errors. It is necessary, however, to deploy a setup of narrow response reflectors built to assure the existence of strong point-like backscattering for the 360 circle, as done in [2] . Alternatively, an isotropic reflector as the Lunenburg lens can be used. The Luneburg lens used during the E-SAR acquisition has a diameter of about 60cm, being quite small for L-band. For this reason, its range-compressed response presented an insufficient low signal-to-clutter ratio to achieve satisfactory results with standard PGA techniques. Therefore, a frequency-domainbased autofocus approach was performed instead. As it is well known, the trajectory error present in the processed phase is mapped into the 2D spectrum. In light of that, the new autofocus approach can be summarized as follows. First a high resolution image of the isotropic(s) target is formed (ideally, to account for the range dependence, at least two targets should be considered). Secondly, the 2D spectrum is computed after shifting the target to the origin to remove undesired phase ramps. Afterwards, the line-of-sight phase error is estimated in the frequency domain. Finally, the error is mapped back into time domain and its components are derived in order to correct the navigation data. Figure 3 shows the original spectrum and the interpolated impulse response of the Luneburg lens after applying the autofocus approach iteratively. The measured resolution in the x y plane after the correction matches the theoretical one, which at L-band is about 4.5cm. regions has different reflectivity characteristics. Forest regions are relatively homogeneous for the considered aperture. For the buildings, especially at its corners, and for the solar panels the reflectivity is highly dependent on the aspect angle and changes substantially during the circular acquisition. The changes on the reflectivity of the solar panels can be seen clearly in Figure 5 , which shows four images corresponding to different aspect angles and processed with a 5° aperture. Finally, Figure 6 shows a full resolution image with a 360° processed aperture and grid spacing of 4cm.
EXPERIMENTAL RESULTS

High resolution images
Tomographic results
The volumetric reconstruction of the Luneburg lens is shown in Figure 7 . Note, from Figure 7(a) , that the target appears focused at its true height and as the height is increased or decreased the rings discussed in Section 2 appear, indicating defocusing. Figure 7 (d) shows the height profile. The obtained resolution in elevation is about 1.6m, corresponding to the theoretical one.
Two interesting observations can be made concerning the 3D spectrum of the lens, depicted in Figure 6 . First, the spectrum is finite. Second, its shape is represented by an annulus, whose width is proportional to the transmitted signal bandwidth, and whose diameter relates to the resolution in the x-y plane. In fact, high resolution image formation with CSAR can be seen as a direct consequence of creating a virtual x-y bandwidth represented by the diameter of the annulus. Figure 8 shows the tomogram of a man-made spherical object located in the scene. Note that the isotropic nature of this target allows the volumetric reconstruction, which has a resolution similar as the lens. Furthermore, this tomogram correctly reconstructs a rectangular shaped object.
Finally, some preliminary tomographic results over tree canopy with CSAR are presented. The processed area has a size of 10mx15mx20m (x, y, and height), with 0.05mx0.05mx0.8m grid spacing. Again, as the processed height gets far from the true one, there is defocusing, as seen in Figure 9 (a). Figure 9 (b) shows a profile in the x-h plane, where the shape of the foliage can be perceived.
CONCLUSION
Circular SAR data acquired at L-band by DLR's E-SAR system has been processed and analyzed, showing the viability of the use of circular SAR for high resolution image formation and 3D information retrieval. The processing and calibration aspects have been also addressed. A tomogram of a Luneburg lens has been obtained, as well as tomographic results of manmade objects and vegetated areas.
Future work will include, besides further experimentation with tomography, the analysis of CSAR using fully polarimetric SAR. Such a configuration can help better understand the scattering properties of man-made and natural objects, hence providing additional knowledge to improve currently existing classification techniques based on PolSAR data. 
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